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Statement of the Problem
The basic experimental approach to the research undertaken was to
determine adsorption in a termary system which would permit evaluation of

the thermodynamic relation

Elej
<32ny3) r

€nnl
r3 s __37232 (1a)
RT(1 + e3y3) Q-+ e3y3) y, + 0
and
v :
ny ¥a€
rz s 2 _J2723'3 (1b)

RT(1 + €,y,) A+ e,y,) y3*0

derived by Darken and Simkovich (attached paper defines the symbols). The
system Fe-Cr-0 at 1313K (1040°C) was chosen and HZ/HZO atmospheres were
utilized to control the oxygen pressures. Alloy compositions ranged from pure

iron to chromium concentrations of two wt Z.

Results

Utilizing a thermostated automatic recording microbalance the adsorption
of oxygen on the pure iron and the iron-chromium alloys was measured. These
tests are still in progress; however, typical results are depicted in Fig. 1.

It may be noted that in accord with ¢ as a negative interaction coefficient

Cr-0
the adsorption of oxygen on iron~chromium alloys is anticipated to be greater
than the adsorption of oxygen on pure iron. Such is revealed in Fig. 1.

The adsorption curves shown in Fig. 1 are based on the premise that little

oxygen dissolves in the iron or iron based alloy. This is not true and
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Figure 1. Adsorption of Oxygen on Pure Iron and Iron-Chromium Alloys at 1
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therefore the solubility of oxygen in pure iron and iron-chromium alloys

is being measured on small surface area samples.

a 1 wt, 2 Cr alloy are given in Table I.

Typical values obtained on

These measurements are also being

continued and in addition to providing solubility data such measurements also

permit the evaluation of the interaction coefficient €

Table I.

1313K (1040°C)

23° °F Scr-0

Solubility of Oxygen in Fe-1l wt X Cr Alloy at

in this case.

P (atm)
0,

-log Po

2

Po;"' (atm)!i

of o

en

L wt of Fe, Cr and O, gms

9.23x10" 22

1.78x10"21

4.87x10"21

8.46x10" 21

1.33x10°20

3.83x10~20

3.04x10" 11

4,22x10" 11

6.98x10 11

9.20x10” 11

1.15x10°10

0

1.96x10" %

3.50x10"7

5.83x10°7

9.33x10/

1.40x10™°

1.63x108

2.80x10~°

The results listed in Table I fit, reasonably well, a Siverts' type

plot.

In addition to the solubility and adsorption measurements discussed

" above Auger spectroscopic determinations have been made on a number of samples.

Some of these results were given in the report for the time period 1 January

1980~30 June 1980.

Further studies have been made so that we shall have Auger

results on 0.25, 0.50, 1.00, 1.50 and 2.00 wt % Cr alloys, before and after

chemisorption of oxygen.
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The initial Auger results are in accord with the derived theory for
adsorption in multicomponent systems. They also indicate that adsorption
in the Fe-Cr-O system is not confined to a few atomic layers at the alloy-gas
interface but occurs to a depth of at least 40 Angstroms.

It is perhaps appropriate to remark that, following some initial experimental

problems, the project has consistently provided new and interesting data which,

it is anticipated, will be utilized, along with the theories developed, as a
basis to predict adsorption phenomena in multicomponent systems.

Publications
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Two papers have been published - "High Temperature Adsorption in Ternary

Systems" by L. S. Darken and G. Simkovich in Scripta Met., 13, 431 (1979)

and "An Analysis of Chemisorption in Multicomponent Systems" by B. Ozturk and
1 } G. Simkovich to be published in Met. Trans. A., Dec. (1980). These are attached.
Another paper, "Adsorption in Multicomponent Systems" is to be presented
at the Carl Wagner Commemorative Symposium at the AIME Meeting in Feb., 1981
in Chicago, I1l. The AIME will published these symposium papers in a Special
Symposium Volume. This paper is authored by B. Ozturk and G. Simkovich.

At least two additional papers by B. Ozturk and G. Simkovich will be

prepared. These are tentatively titled "Chemisorption of Oxygen on Fe-Cr

Alloys at 1313K" and"The Solubility of Oxygen in Fe-Cr Alloys and the Interaction

Coefficient, ¢ -0’ at 1313K."
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Adsorption at interfaces, significant in many systems, has been studied prioarily in
inary systems, even though real systems are primarily multicomponcnt systems. In binary systems,
adsorption, especially at high temperstures, is of the order of a monolaver ow less. In
aulticomponent systems, however, surface adsorption. under certain conditions of composition
and temperasture, Cay reasonably be expected to be muzh tore extensive than in binarv svstems
containing the same major cozponent as is shown in the following section.

As an exanple, one might consider the adsorption of oxygen on pure silver, in one case,
and on silver ailoyed with small amounts of an alloying element which has a higher affinity
for oxvzen than does silver, say covper, in the second case. For the case of oxygen on pure
silver (1), it is relatively well established tha: & monolayer of oxygen is adsorbed ac 932°C
and oxrzen pressures between 10.1 amd 10,100 Pa. In the case Ag-Cu allovs one =may anticipate
tha: copper from the 2110y is adsorbed ac the surface at a lover Ppj than that for formstion of
an oxide phase and induces further adsorption of oxygen; these processes may reasonably te
expected to repea:, giving rise to multilayer adsorption of both oxygen and copper. 1t is
noted that this enhancedent of oxygen and copper sdsorption is quite different from the BET
irpe (2).

Ve develop, in the followiag seczion, -he relatians which incicate that multilayer 2dsorp-
tion is also to be ancicipated from a quanticative point of view, 2s well as the qualitative
concept presented in the above introduction.

Tueorecical

We first consider a binary system, savy "pure” metal (component 1, solid adsorbent) and
"pure" zas (coz=pouent 2, adsozbate). A “clean" specimen of the meral phase exposed to the gas
snase at a chemical potential less than that necessary to form an intermediate phase will
dissolve an equilidrium amount of the gaseous component in solid solution and will adsord on
its surface an amount of gas [generally, less than a nonlayer (1,3-6), but not necessarily less
than a =onolayer (7)) in accord with che Gibbs adsorption equation (7) for & binary system

gy, .1 (3% __, Q)

w2'r RT 5 Ina T

wuere 9 is the surface free energy of the svstem, .3 I8 the chemical potential of the gaseous
cozponent, &, is the thermodynamic aceivity of ctnis cccponent, R and T carry their normal
connotation and T9 is the excess concentratiou of componen: 2. in respect to ccmponent 1,
adsorbed at the interface. In the Gi{dbs adsorprion relation, eq. 1, no assumption is involved
csacerning the amount of adsorbate (7), thus alzhough experiments which were po:iorzed with
care norcally find an excess conzentration, 2 in binary svscems Of the order correspunding

Fg @« (

0 & 3070laver or less of component 2, it is entirely feasible that multilavers mavy be formed.

We now consider ine addition of & third component to the tetal phase. Further, ve take
third component o have a nigh "affinty" for :ihe gaseous phase and we consider adsorp-
only at the gas-solid interface a: this ::ine although adscrprion at other interfaces,
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0036-9748/79/0060431-04502,00/0
Copyright (c) 1979 Pergamon Press Ltd.

~ T‘«—A‘F’T‘
£
oot

7815




Bl R N - 13,15 s ¥ e NG SO i e DA S ot I V55 I o i o DG gy i st v Ol 2

.
i 432 ADSORFPTION IN TLRNARY SYSTEMS Vol. 13, No. 6 5
. : 1
- e.g. grain boundaries, could vell be included in the analysis. For this case, exposure of the
3 metal phase to the gaseous phase results in (i) dissolution of the gas in the metal phase;
3 (11) adsorption of component 3, probably ia multilayers at the metal phase-gas interface: and
(111) adsorption of the gas, component 2, probablv in multilavers, also at the metal-gas intez-
b face. The nultilayer adsorption occurs primarily pecause of the "iffinity” which ccmponents
P 2 sand 3 have for each other. Agaim, of course, thc wctiviries of the components are maintained,
such that no new condensed phase is formed.
3 Following C. Vagnar's (8) receat thermodynamic anslysis of adsorption ve use, as independent
2 variable, bulk composition terms y;, deiined as i
¥4 = 8g/ny : 2)
vhere compositions, therefore, are sxpressed relacive to component 1 and ng are wmoles of
component i in the bulk alloy. We restrict the analysis to the single, planar solid phase
3 present and ve consider A, T, P (or V) and n) to be constant. Under these conditions for a
ternary systems, the Cibbs adsorption equation becomes
1)
do = ~ T3 duy = Ty duy 3
3 1 Ve now introduce the derivatives of the chemical potencials wvith respect to yy [at
¥ ! constant A, T, P (or V), and y's ¢ y4] .
‘ % Wy 3 ‘
- S =) 4 Pq (m) 4 |
j bz.rz(”) 3(3) (4a) §
-39 _z i
i v, = Iy ( ) + T4 ( ) (4b) {
‘ i
. Utilizing the realcion !
n 91ln a
1 —L et ¢ 1 () ‘
. ¥y 7] |
} in order to express (4) in terms of activities one obtains, upon sclving for T3 and 3, the
1’ relaticns,
i
) ln a in a
| (; (—-——3) ( a") (-—-—-3-)
Y2 JF) 37}
| rpe-k . (68)
RT3 1 11 3 : .
e n lz) ¢ ] 1: . (o 1n l3) (3 la ‘2)
; L2 ¥y 2 3y,
. . dlna 4 1aa
5 « 5D - G e 7 ! «
3 !
' f. o -
‘3 é (6b)
|’ (3 1n lz) (3 in 13) - (i in 03) ? la a:)
, L 2 3y, ¥y 323
f We define, for the bulk alloy, the "activity coefficients” as
| 84
Yy ® Vs n
i and .
3ln
o It : 8
¥y )
and .
*1a v‘ ¢ lny
(9) 3

*
[
e
[ ]
&‘
L
[ ]
o
»

=
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vhaze €4 und ¢4 are compirable to the self-interaction and inreraction coefficients prasencly
found in the metallurgical literature (9). Utilizing eqs. (?), (8) and (8), e0s. (6) become
g ¥
1r:' Tay; T+ 7y - TIay,; (2¢23) .
T2° - (108)
Q + ¢2y2) (1 +e3yy) = (cd3y,74)
T *a -
? 1o s (1+cy7) - \.—ﬁ (y3¢23) ,
fye- L (10v)

Mlaes €ay3) (1 + cyyy) - (ngyzyg) —]

£9s. (10) are general, at the stated conditions, as no approzizations have been made in
arriving at the expressed relations. 1In particular, Do approximations as to the type of solu-
tion, i.e. ideal or regular have been made and, therefore, the derived relations say de
considered for many ternary systems.

We now consider the special case of low solubility of coaponent 2, s.g., oxygea or
sulfur, in the alloy phase. We, therefore, consider y2 to be s0 saall thac all terms containing
¥2 may be set equal to zera. Egs. (10) then becoms

] 23 g Gy = (11a)
3 L ]

1 IF: 0 y3) - y3623 5o : ,z)

[ rya-

3 “L 1+ 75 )

Substituting eq. (lla) into (llb) and rearranging one obtains

e

soa.l TIZTFY _ yaepsr
3 R Wy~ W eyry) Q223)

Eq. (12) indicates cuite scroagly that the presence of cocpunent 2 may erhance o & great
extent the aésorption of ccoponent 3 at the solid alloy-gas interface if £23 has 3 large nojative
value, as is the norzal zase for an elenear whichhas a high "affinity" for another element;
in this case and {f T is sufiiciently large; the second term on the right of eq. (12) becomes
s large positive term that =ay reasonably be expected to contribute significantly to rs.
Conversely, if €23 1s 2 large positive number then desorption will occur in the ternary systea.

Since eqs. (10) are syrmetrical with respect to I'; and T3 one may obtain an equation
' sinilar to eq. (12a) for 3 whenever the solutility of component 3 is allowed to go to zerc. 1Im
i this case one obtains, as an analogue to ¢q. (12a), the relation
30

L T Tatnly
Tg a = == -
! TR €ay;) (L £ovy) (12v)

Again, the adsorption of a component, 2, is shown to be enhanced by the rresence of ancther
cocporent, 3, which has s special actraction for the corponent as would be exhibited by a
larze negacive value of c23.

In catalycic investigations (10-13) i is relatively well accepted that the ccaposition of
a binary alloy is surface enriched in one of che binary allov components when the alloy is
e:pcsed ro a zaseous atmosphere which has a particularly high affianity for this component.
Threse results are cozpletely irn accord with our theoretical expressions.

| 4 few systans that -ave showr such behaviour are Nieau (12) and au-Ps (10) alloys. When
%i-Ay-allors are exposed to oxvgen pressures of the order of 10-3 o 10"5 2a for short periods
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of time, of the order of several kundred seconas, over a range of temsperatures from room tempera-
sure, for zost of the reporzed sxperiments, to 1300 K, for some experiments, it was found

that the alloys which were intially gold erriched in inert atmospheres or hvdrogen, in accord
with Gibb's equn;ion for the adsorprion of a lower surface energy element (3, & 1.40 J/m

€ oyg = 1.88 J/m

) becaze rickal enriched ia accord with the derived relatiocas. Furthermore,

Au-Pt alloys which are gold enriched under ultrahigh vacvum _cenditions, again in accord wvith
Gibbs' equation for binary systems (o,, « 1.40 J/e” < opy = 2.35 J/o7), become surface enriched
in plaziaum upon exposure to CO of about 10-3 to 10~2 Pa for relatively long periods of time

(a fev hours to three plus days) from roo® tesperacture to 373 K.

In the case of the Mi-Au alloys one, of course, has the possibilicy of actually oxidizing

the nicikel {roa the alloy even a: the low oxygen pressures utilized but the Au-P: alloys should
aot exhidit any such behavior. Thus, it is az;arent that the results obtained are in gecaral
agreenent vith the above derived relations, in parzicular eqs. (12a) and (12b).

1t is important to realize the c23 need rot alvays carry a negative sign and thus enhance

adsorp:ion but may also carry a positive sign and, hence, reduce adsorption. 1In particular

it {s known that ¢4 carries a positive sign for sulfur and nitrogen and for sulfur and cardoa
dissolved in liquid iron. On this basis one would anticipate that the presence of nitrogen

or carbon in liquid iron and, assuming that the sign of ¢34 does not change with a decrease

ia te=perature, also in solid iron would decrcase =he adsorpeion of sulfur, a highly "surface
active" agent in iron, at intcriaces. Some recent studies (14) by Tauber amd Grabke of surface
concentrations of fracture surfaces of Fe-S-N and of Fe~S=C alloys show that both nitrogen

and carbon displace sulfur at intarfaces when they are present in sufficiently high concentta~
tions at 600°C.

Hence, both enhancement and reduction of adsorption is attainable vhich is completely in

accord with the derived relations.

in addition, recent experinencs at Penn State (15) have shovn that the presence of small

anouats of Cr in Fe enhances considerably the adsorption of oxvgen upon these alloys in
comparison to adsorption upon "pure iron”.

Susport by the U.S. Army nesoar:ﬁ Office is gratefully acknowledged.
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"An Analysis of Chemisorption in Multicomponent Systems"

B. Ozturk and . Simkovich

Introduction

The pechanical and corrosive properties of many polycrystalline

o magerials frequently are influenced substantially by adsorption of minor
solute components at grain boundaries and other interfaces. Unfortunately,
because theoretical analyses have primarily been restricted to binary

{ systems, most experimental! efforts have necessarily interpreted results
under restrictive theoretical foundations.

Recently, Darken and Simkovtchl, following Wagnerz, obtained theoretical
relations for adsorption in ternary systems which may be utilized to predict
either enhanced or reduced adsorption in such systems. This note is concerned
with the extension of Darken and Simkovich's analysis of ternaries to multi-
component systems and indicates how the derived relations may be employed to
indicate the course of adsorption as solutes are added or extracted from a
! solvent phase.

? Theoretical

For a binary system at equllihrium at constant temperature and pressure H

and vhere no strain energy is involved, e¢.g., at free interfaces or incoherent

grain boundaries, the Gibbs adsorption equatiom is,

30 1 30
Fa = (3u2) *TRT (Dtnn?

) (1)
T

] B. Ozturk and G. Simkovich are Graduate Student and Professor of Metallurgy,
- respectively, in the Metallurgy Section, Department of Materials Science and
= Engineering, The Pennsylvania State University, University Park, PA 16802
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where 0 is the surface tfree envryy of the system, po2 is the chemical

potential of componunt 2 (the solvent is taken as component 1), a; 1is the
thermodynamic activity of component 2, R and T carry their normal connotation

and 'y is the excess concentration of component 2, with respect to coamponent 1,

adsorbed at the interface.

difference between the concentracion of component 2 in the surface region and ;

Following Hagner{ I'y is defined explicitly as the

the concentration of component 2 in the bulk phase where the concentrations

are related only to the main component 1 (see eq. 3).

It should be noted that

the Cibbs adsorption relation is not restrictive in terms of the amount of

material adsorbed nor the spatial extent of udsorpciun3.

Utilizing, for a ternary system, the relation

do = =i duy -~ T
and the definitions

y = “i/“l
Y, = ai/yi

Blnyi

€4 7 Iy ¢

3 duy

bulk composition

"activity coelficient”

selfl—-interaction coefficient

3£nyi alny,

€., = =

ij Jy. Jy .

J

interaction coefficient
i

Darken and Simkovich obtained the relations

Jg ) -
(diny, vie23l
r X -
3 RT(1 + EVEY, (1 + e3y3)
>0
3 y2
and ( Jo 9 B
diny, yae23l;
r2 X - P -
RT(1 + eay3) (L + €3y3)
J -0

with A (area), T, P (or V)

We consider the case of u yuaternary system.

and y's £ Yy held coastant,

For this case Eq. (2) becumes

(2)
(3)
(%)
=
S
(5) 1
3
(6) "
a5
& g
&S
(7a) gs
(7b)
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do = - Tadup - T3dug - lyduy, (8)

Introducing the derivatives of the chemical potentials with respect to Yy

[at constant A, T and P (or V)] one obtains the set of equations

30 2 du 3 My
-ty 4Ty 9
3y 3y Wy 9y

for vy = 2,3 or 4 with the other y's held constant.

= Utilizing the relation

aui Jilna

1
3y, 3y,
Y5 Y;

) (10)

in order to express Eq. (9) in terms of activities one obtains,upon solving

for T'y,che relation

Inuy  uinay s Jina q 9kna, do
- - - - +
l ( 32 )¢ avs [(JYB)( Sy ) ( 33 )(ay“)]
fa = = R}t Atnas ofnu; dtna; Jtna, 3tna, dtnay
(G ) - (G g ) -
dLnas IJlnay Jenaj Ju dtnaz Jg
, - +
( 3y ) ( 3y 5 YEC 3y 2 )(ay“) ( TR )(Byz)]
Ifnas  denay, denasy 3Ikna, dinaz dLna,
- ) -
( 3y n ) ( Y2 )] (( 35 3 ( 3y3 ) ( 3y 3 )( 32 )]
dtnas Jindy Jenaz Jo dtnay Jo
(= ( - ( )
¢ Iy2 ) Yy ! 3y 3 ) 3Y2) Iy2 )(3Y3 !
dtnap IJinay Jina-s Jinai QL
: = (= ) ( )
< Iy?2 ) Iy )= Yy dy2 ]

Similar expressions for 'y and I'y are also ubtainable.

For an n component system, Lq. (11) will be the solution of the linear

system of equations with (n-!) cquations and (n-1) unknowns.
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We utilize Eqs. (4), (5) and (6), i.e., the activity coefficient,yi,the

self-interaction cvefficient, € and the interaction c_oeffic:l.enc. eij' in Eq. (11) to
obtain 20 %
. (lﬂzez)(yzezu)[(m) (Yuean) - (lﬂaea)(m)l +
rz B -
RT ;
[(I+yze2) (1+y3e3) = (y2e23) (¥y3e23) 1 [ (1+yzer) (Qtyyey) -
(+y2€2) (¥ 1) [ (y2€23) (o2m) = (yue3u) (23] +
22 33y 28213 ;)lny~ Lt 3y alny2

(yyeau) (yoe24) ] = [(1+yse5) (y3e3) - (ya€23) (Ya€24))

(Lhype2) Oy [ty g ) G2y = (y2e23) (
Jinyso

0
aLny 3

)]

2
[ (Q+eay2) (Yue 3y) = (yur2y)(y2€23)] N
Again, similar equations to that of (12) may be obtained for I'3 and Ty.
The equations such as (12) are general under the given conditions. No
approximations have been utilized and such relations may be obtained for
(n-1) components of a;n n component system.
We take the special condition, at this time, of allowing the concentrations

vl components 3 and 4 to appruach zero. For this case one obtains from Eq. (12)

and the similar equations for F3 and P4 the relations

30 i Jo - g
) (Z)R.nyz) - Y:'-za(av‘“y -,) yzez"(nﬂ.ny.,)
F2 = - o (13)
L+ you.
— ¢ y2v2) Y3 yu * 0
P -
1 )0
32~ RT (annyg) (14)
- o )'31)"0 -0 '
1[0 y]
g
o * = RT (gzny (13)
- - Y3:¥n >0

Substitution of Eqs. (14) and (15) in Eq. (13) gives

G earoibete aehn dn - amidOn < e and e AR,
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dtny2 (y2€23T3 + yze24Ty)
Py & - —me——r -
2 - RT(14yz¢3) (1+yze3) 16
. Yi,yy + 0
Similarly if one allows y; and yj to approach zero one obtains for T,
G2
aLnyy, (Yue2,T2 + yue3ul3)
l‘., 2 - - (17)
R )
T(1+yyey) (L+yyey,) yo.y3 + 0
and (inally if yy and yy approach zero one obtains for T3
o)
. diny, (yse23lp + y3eauly)
37" RT(l+y3e3)- (1+yie3) y2: Yy =+ 0 (18)

Comparison uf Egqs. (16), (17) and (18) with Eq. (7) shows that
adsorption in a quaternary system results in a rather simple extension of
the ternary relations.

b

For an n component system where n € 3, peneralization of equations

such as (16), (17) and (18) with component 1 taken as the solveant is given as

( Ja ) n 7
C . dtny, ) yiei]rj (19)
i RT(1+yisi) (1+yici)
j=2
14 Yyrg 0
g i 2,3,4--n

Thus, one has évailable in kq. (19) a reiation which allowé one to

indicate the course of adsorption of a component in a multicomponent system.

Should more than two of the components be present in concentrations above

the dilute solution range, then recourse to more complete expressions, such
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! as Eq. (12), 1s necessary. Of course, the use of Eq. (12) would present

i a formidable task in terms of accumulating the necessary parameters for evalua-
tion; however, e¢quiations such as Lqs. (16~18), as summarized in Eq. (19), are
somevhat less complex and permit at least a guide to the adsorption in multi-~

component systems. Bulk interaction coefficients are sometimes available

and adsorption in dilute binary solutions are also sometimes available.

i i, B Mk

‘Thus, adsorption behavior in multicomponent systems may be approximated

via Eq. (19) which is certainly of aid in comparison to not having any

e o e

scientific guide. In addition, in view of the recent growth of a variety
of surface analycical tools, e.g. AES, LEED, UPS, ESCA, FIM, ISS, etc., :

particular systems where adsorption is of prime concern may well be studied

quite thoroughly.

Discussion

The convenience of these type of adsorption equations was already indicated by
Darken and Simkovich. 1In particular, it was noted that in a ternary system
Equations (7a) and (7b) allow one to deduce whether adsorption of a specific
component in a binary system may be enhanced or reduced by the presence of a third

component as is reflected in the signs of €23 and I'; (or I'3). Whenever €;3 is of

negative sign and "» (or I'j) is of reasonable magnitude then !

rvie < b e =

enhanced adsorption, perhaps beyoud a monolayer, may be anticipated. Con- :

versely, a positive sign on v,y indicates a dislike of 2 for 3 (and 3 for 2)

L.

in the solvent and again with a reasonable magnitude for Ty (or-T3) the adsorp-
tion amounts may be reduced in comparison to a binary.
Of interest also is the sign of I'; (or T3) in Eq. (7) and the sign of

(:)O/Mnyl) for it is entirely conceivable that 1,3 carries une sign, i.e.,

positive or negative, while I'» (or I'3) may carry the oppusite sign. On such
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an occasion even though the first term on the right hand side of Eq. (7) is
positive, as reflected by a negative value of Dc/alnyi. the second term will 1
reduce the adsorption amount.

In respect to multicomponent systems,as generalized in Eq. (19), each
term and the parameters eij and Pj must be evaluated to determine the adsorption ﬁ

of component i in the system. If sufficient thermodynamic data (eij's) are

- avallable and reasonable estimates of 1)0/:)91.ny.l and Pj may be made,one can then

at least approximate the adsorption of Pi as a functiop of alloy composition.

i
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